Abstract-Carotid-femoral pulse wave velocity is an established method for characterizing aortic stiffness, an individual predictor of cardiovascular mortality in adults. Normal pulse wave velocity values for the pediatric population derived from a large data collection have yet to be available. The aim of this study was to create a reference database and to characterize the factors determining pulse wave velocity in children and teenagers. Carotid-femoral pulse wave velocity was measured by applanation tonometry. Reference tables from pulse wave velocities obtained in 1008 healthy subjects (aged between 6 and 20 years; 495 males) were generated using a maximum-likelihood curve-fitting technique for calculating SD scores in accordance with the skewed distribution of the raw data. Effects of sex, age, height, weight, blood pressure, and heart rate on pulse wave velocity were assessed. Sex-specific reference tables and curves for age and height are presented. Pulse wave velocity correlated positively (PϽ0.001) with age, height, weight, and blood pressure while correlating negatively with heart rate. After multiple regression analysis, age, height, and blood pressure remained major predictors of pulse wave velocity. This study, involving Ͼ1000 children, is the first to provide reference values for pulse wave velocity in children and teenagers, thereby constituting a suitable tool for longitudinal clinical studies assessing subgroups of children who are at long-term risk of cardiovascular disease. (Hypertension. 2010;56: 217-224.)
C ardiovascular disease is the leading cause of death in Western societies. 1 Although there is ample evidence that arteriosclerosis begins in childhood, [2] [3] [4] hard end points, such as stroke and ischemic heart disease, are rare or virtually lacking in the pediatric population. There is, thus, an increasing need to establish validated noninvasive tools to forecast early arterial disease and to be able to characterize elevated cardiovascular risk in youngsters. 5 It has been widely recognized that aortic pulse wave velocity (PWV) is a sensitive marker of arterial stiffness and, consequently, of cardiovascular outcome. 6 -9 However, large multicenter clinical studies aimed at generating normal PWV values and assessing the influence of anthropometric factors on PWV in healthy children and teenagers are still lacking.
In our previous investigations, we showed that, in specific patient populations with growth retardation, the use of agematched controls failed to reflect the true impact of cardiovascular disease on PWV. Rather, controls matched for both age and height or normalized PWV data such as PWV Z score or PWV/height should be used in such instances. 10 -12 The aim of the present study was to create a reference database and to characterize the factors determining PWV in children and teenagers. To achieve this, the distribution mode of PWV was evaluated in a large group of healthy children and adolescents using a novel statistical approach, the LMS method (where L indicates skewness, M indicates median, and S indicates coefficient of variation), to calculate SD score (SDS) values in accordance with the skewed distribution of the raw data. In addition, the relationship among anthropometric factors, blood pressure (BP), heart rate (HR), and ageand height-normalized PWV was also analyzed. Finally, an analysis assessing the correlation between novel PWV Z scores for age and height was also performed. 
Subjects and Methods

Subjects
Methods
Anthropometric measurements were performed by trained staff from the school. Weight and height were measured with precision electronic scales and fixed stadiometers.
BP was measured by oscillometric devices (Omron M742E and Omron 705IT, Omron Co). The technical validity of these monitors has been confirmed previously in adults, children, and adolescents. [13] [14] [15] The midarm circumference was measured and the cuff width adapted accordingly (pediatric, standard adult, or oversized cuff for midarm circumference of 17 to 22, 22 to 32, or 32 to 42 cm, respectively). Systolic BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP), and heart rate (HR) were calculated as the mean of the 3 measurements. MAP was calculated as (SBPϩ2ϫDBP)/3. To allow for comparison between different age groups, SDSs were calculated.
PWV was measured by applanation tonometry using the PulsePen device (DiaTecne s.r.l.) 16 interfaced with a computer, as described previously. 12, 16 Briefly, the probe was connected to a hand-held ECG unit while pressure and electrocardiographic signals were transmitted to a computer. Aortic PWV was measured by sequential recordings of the arterial pressure wave at the carotid and femoral arteries and defined as the distance of the sampling sites divided by the time difference between the rise delay of the distal and proximal pulse according to the R wave belonging to the ECG qRs complex and calculated by the software. The pulse wave was calibrated by measuring BP immediately after each recording. To assess pulse wave travel distance, surface tape measurements were performed between the carotid site and the jugular notch and between the jugular notch and the femoral site. The difference between these 2 distances was considered as the pulse travel distance. 17 The measurement of transit time was discarded and repeated if BP and HR varied by Ͼ10% in the carotid and femoral sites. Recordings were also discarded when the variability between consecutive systolic or diastolic waveforms was Ͼ10% or when the amplitude of the pulse wave signal was Ͻ80 mV.
To avoid possible methodological bias (center effect), a single senior investigator (P.S.) trained and supervised the staff performing all of the PWV measurements. All of the measurements were performed twice to confirm reproducibility, with the resulting PWV value consisting of the mean of both measurements. The intraobserver and interobserver coefficients of variation of distance measurements were 2.3% and 4.0%, respectively. The intraobserver and interobserver coefficients of variation of PWV measurements were 5.7% and 6.1%, respectively.
Evaluation of Sex Differences
To assess sex differences in PWV, pairs composed of males and females matched for age and height were formed and compared. The maximum interindividual difference allowed within 1 pair was Ͻ5 cm for height and Ͻ1 year for age.
Normalization of PWV Data: The LMS Method
Age-and height-specific reference values for PWV were generated by the LMS method, 18 which characterizes the distribution of a variable by its median (M), the coefficient of variation (S, ie, the ratio of the SD and mean), and skewness (L) required to transform the data to normality. Evaluation for these parameters is obtained by a maximum-likelihood curve-fitting algorithm to the original data plotted over the independent variable. In this study, 2 sets of tables were created, one using age and the other height as independent variables. L, M, and S can be used to create percentiles (C ␣ ) according to the following equation (1): (1) where M(t), L(t), and S(t) or C ␣ (t) indicate the corresponding values of each parameter at a given age or height (t). z ␣ is the normal equivalent deviate corresponding with the centile (eg, ␣ϭ50, z ␣ ϭ0; ␣ϭ75, z ␣ ϭ0.674; ␣ϭ90, z ␣ ϭ1.282; ␣ϭ95, z ␣ ϭ1.645; and ␣ϭ97, z ␣ ϭ1.881).
Equation 1 can be rearranged to convert an individual child's PWV value to the following SDS:
where Y is the child's individual parameter (PWV), and L(t), M(t), and S(t) are the specific values of L, M, and S interpolated for the child's age or height.
Data Analysis and Statistics
The data analysis was performed using the STATISTICA 8.0 (Stat Soft Inc). The Shapiro-Wilks test and normal probability plot analysis were used to characterize the normality of data distribution. Data with nonnormal distribution are presented as median (range), whereas normally distributed data are expressed as mean and 95% CI. SDSs for height, weight, body mass index, SBP, and DBP were calculated using standard reference charts. 19 Univariate correlation and regression models were performed to assess the relationship between anthropometric data and PWV. Major determinants of PWV were established in accordance with the backward multiple regression model.
Anthropometric and clinical data were compared by Student t test or by ANOVA where appropriate. The Mann-Whitney U test was used to compare data with nonnormal distribution. A PϽ0.05 was considered as statistically significant.
Ethics
The study protocol was approved by the local ethics committees. Participants provided informed consent, and for underage subjects, a parental written informed consent was obtained.
Results
The mean values of anthropometric and BP data of subject groups from the 3 geographic regions were within the normal limits of the 25th to 75th percentile range for both age and sex. Furthermore, there was no significant difference between PWV data obtained from the different regions within the respective age quartiles. Thus, the data were subsequently pooled for further analysis and summarized in Table 1 .
The PWV of boys and girls was similar in the first 2 age quartiles. In contrast, in the third and fourth quartiles, boys had significantly higher PWV, as well as height and BP data, compared with the girls. Sixty-six pairs of boys and girls matched appropriately for age and height were ultimately formed to evaluate the effect of sex on PWV. Their comparative analysis revealed no differences in anthropometric, BP, or PWV data. However, age-and sex-specific SDSs for height and weight of girls were significantly higher compared with their matched counterparts (height SDS: Ϫ0. Figure) . A close correlation was found between PWV Z for age and for height (rϭ0.95; Pϭ0.00001; see Figure S1 ). An individual example for the practical use of tables and data transformation is provided in the online Data Supplement.
Discussion
This study is the first report to provide novel, distributionindependent age-and height-specific reference values for PWV in children and teenagers, making them suitable for the evaluation and follow-up of subgroups in the pediatric population who are at risk for long-term cardiovascular disease. PWV is a powerful parameter of arterial stiffness. It is a surrogate marker for cardiovascular events in adult hypertension and end-stage renal disease 20 -22 ; however, such data in children are sparse. 5,10 -12, 23 The difficulty of using PWV in children is its dependence on age and body dimensions. 10 -12 To evaluate the data obtained in different pediatric patient groups, the current practice is to use either controls matched for age or to use age-specific normal values established in large healthy populations. Unfortunately, the problem of growth deficit is not solved by this approach.
In a study of children on hemodialysis, Covic et al 23 found an increase in PWV compared with healthy controls. However, in their study, age-and height-matched controls were used for comparison purposes. In our previous study aimed at confirming the increase in PWV in children on dialysis, to our surprise we only noted a weak (not significant) tendency toward an increase in PWV in dialysis patients. Because of the growth deficit caused by end-stage renal disease, we were, therefore, compelled to use a control group matched for age and height to demonstrate the true magnitude of PWV differences. 11 In a subsequent step, normative PWV values were established with the use of arithmetic mean and SD of a database of 188 healthy children. 12 In the present work, using an extended database of 1008 healthy children and young adults, we applied the LMS method, which takes into account asymmetrical data distribution to create reference tables for sex-, age-, and heightspecific percentiles of PWV in healthy children and teenagers. This type of approach is widely accepted in pediatrics. The universally used reference tables for 24-hour BP monitoring, as well as normative values for intima-media thickness in healthy adolescents, are based on this very principle. 24, 25 Herein, analysis of the raw PWV data revealed a nonGaussian distribution across the entire pediatric age range. The skewed distribution invalidates the calculation of conventional SD (Z) scores based on arithmetic means and SDs. On the other hand, the LMS method is a technique accounting for any degree and direction of distribution skewness of the sample. It has the advantage of not requiring grouping of the 
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covariate for the calculation of percentiles, thereby avoiding the distorting effects of variable cell sizes. Hence, the L, M, and S reference values published herein are readily applicable for defining PWV abnormalities independent of age and of body size in diseased pediatric populations, and the statistical basis of the PWV percentiles provided here is superior to our previous estimates. 12 The growth pattern and final height of the sexes differ significantly. Thus, although the PWV of age-and heightmatched boys and girls is similar, as shown herein and in our previous studies, 11, 12 the PWVs of boys and girls did differ significantly in the third and fourth age quartiles, that is, after puberty. This is because the girls matched to the boys are taller than the average of their age group; in other words, they have a higher height SDS. Hence, because of the difference in height development between sexes, the normalized data obtained for boys and girls are presented separately.
The positive correlation of PWV with age, body dimension, and BP, as well as the negative correlation with HR, was confirmed in this large population of healthy children. 11, 12 However, according to the results of the multivariate regression analysis, only age, height, and MAP were independent predictors of PWV. Based on the multivariate model, a general equation can be generated allowing for the prediction of the PWV value, as shown in the Results section. The use of MAP herein was justified by previous data showing that, aside from age, MAP (but not SBP or DBP) proved to be an independent predictor of carotid-femoral PWV. 26 The reference tables generated herein expressing PWV according to height are presented for use in pediatric populations with growth deficit. The close relationship between PWV Z for age and PWV Z for height values indicates that smaller children have lower PWV values, whereas taller children have higher PWV values in any given age group. Evidence that the dimensions and elastic properties of the arterial tree are intimately related to height was initially provided by morphological studies. 27, 28 The physiological basis of the influence of body size on arterial wall properties was further demonstrated by Senzaki et al, 29 who established reference ranges for age-associated changes in arterial pulsatile properties in 112 pediatric patients after cardiac catherization. Their results indicated a progressive increase in arterial compliance despite a decrease in arterial wall elasticity, leading to the conclusion that the increase in arterial size accompanying increased body size outweighs the effects of age on intrinsic elastic properties of arterial walls. Such influence of body dimensions on the elastic properties of arteries was also demonstrated in a more recent study by Jourdan et al, 25 in which both intima-media thickness and arterial stiffness were shown to change with age and body size. Accordingly, the authors concluded that morphological and functional measurements of large arteries should be normalized to take into account changes during adolescence.
Conclusions
The reference tables provided in this multicenter study involving a cohort of Ͼ1000 children and teenagers are based on the LMS method, which enables the calculation of appropriate SDS values of PWV in children and teenagers. Age, height, and MAP were found to be the major determinants of PWV, hence emphasizing the need to consider height in patients with growth deficits.
Perspectives
This study is the first report to provide distributionindependent age and height-specific reference values for PWV in children and teenagers. Because the traditional end points such as stroke, myocardial infarction, and mortality used in adult studies are unsuitable to evaluate the risks or benefit of a given intervention or treatment in pediatric clinical trials, surrogate markers are needed in pediatric studies. Examples for such studies are the use of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers in hypertensive and/or diabetic children and the use of calcium-free phosphate binders in uremic children. PWV is a sensitive marker of arterial stiffness and, consequently, of cardiovascular outcome in adults. 1, 2, 4 Our reference values in children represent a suitable tool for use in such longitudinal interventional studies, as suggested by the recent scientific statement of the American Heart Association. 5 However the final evaluation and validation of the method to establish the cutoff points for predicting hard cardiovascular end points could only be provided by the follow-up of children growing into adulthood.
Limitations
A complete analysis of all of the risk factors potentially influencing PWV in this healthy, young population was beyond the scope of the original goals of this study. We did perform a subgroup analysis in 300 healthy children and could not establish any correlation among (normal) glucose and lipid values and PWV. Because the analysis was not complete, we did not include all of these results into the article. For follow-up studies in populations with increased cardiovascular risk, it will be necessary to include these data in the analysis.
Sexual steroids could influence the elastic properties of the arteries in women. We did not address this question in the present study; however, in their work, Robb et al 30 could show that PWV is not significantly affected by the periodical physiological changes of steroid hormones in women. Thus, in this particular case, the PWV is more than 2 standard deviations higher compared to the healthy population.
